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157] ABSTRACT

In a high efficiency ¥F-class amplifier, output current
may be reduced to cause distortion of the current, or
deterioration of high efficiency operation of the amplh-
fier, when an instantaneous output voltage of an ampli-
fying transistor becomes lower than a saturation voit-
age. To prevent this, the peak value of the high fre-
gency instantaneous output voltage 1s restricted by a
peak value restricting circuit provided in parallel to a
load. Thus, an ideal high efficiency amplifier can be
provided by avoiding distortion of the output current.

16 Claims, 5 Drawing Sheets
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1
HIGH EFFICIENCY POWER AMPLIFIER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a high
efficiency power amplifier. More specifically, the in-
vention relates to a high efficiency power amplifier to
be employed m a high frequency band for performing
F-class operation.

2. Description of the Related Art

In this type of F-class high efficiency power ampli-
fier, it is required to provide an impedance matiching
circuit so that load impedance of a transistor, such as a
field-effect transistor (FET) as an active element for
amplification, matches with a fundamental wave, be-
comes zero (short) with respect to a second high har-
monic wave and becomes infinite (open) with respect to
a third high harmonic wave.

Here, 1t should be noted that “F-class operation”
means that, in a high frequency amplifier and so forth, a
pulse form wave is generated at the output side utilizing
high harmonic components (harmonic tuning) and high
efficiency operation is thus performed. In this case, a
bias for an amplifier active element is set to be the B-
class bias.

As examples of the F-class power amplifiers of this
type, there are amplifiers disclosed in “IEEE Transac-
tions on Electron Devices” vol. 14, No. 12, pp 851 to
857, Japanese Unexamined Patent Publication (Kokai)
No. Showa 63-204912, and Japanese Unexamined Pa-
tent Publication No. Showa 64-74813.

FIG. 12 shows an example of such F-class power
amplifier. As shown in FIG. 12, the amplifier comprises
a FET 1 as the amplifier active element, a coupling
capacitor 2 for blocking a direct current, an RF current-
blocking inductor 3 charging a direct current bias Vpto
the drain of FET 1, loads 4 to 6 for the FET 1 and a bias
circuit 10 for providing the B-class bias for the FET 1.

The load includes resonance circuit 4 for providing a
predetermined impedance (matching impedance) Z1 for
a fundamental wave, a resonance circuit 5 for providing
zero mmpedance for even harmonics and a resonance
circuit 6 providing infinite impedance for odd harmon-
1CS.
FET 1 1s charged a direct current voltage V p via the
inductor 3 at the drain electrode D thereof and a bias
voltage V gy at the gate electrode G from the bias cir-

10

15

20

25

30

35

45

cutt 10 so that a drain current ip may flow for a half 50

period of an input sine wave, as shown in FIG. 13A.

It 1s assumed that the peak value of the drain current
1p 1s Ip, the fourth or higher degree of high harmonic
components of the drain current 1p can be ignored, and
the internal resistance of the FET 1 is sufficiently small.

Under the condition set forth above, the load impe-
dance to maximize a drain efficiency 7p can be ex-
pressed as:

Z1=4¥Vp/(3} IP) (fundamental frequency wave
mmpedance)

Z2=0 (second high harmonic wave impedance)
Z3== o (third high harmonic wave impedance).
The drain efficiency then becomes

np="/(2e3%)
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The amplitude of fundamental wave voltage Vi of an
amplifier output is:

V1=2Vp/3?

and thus becomes greater than the direct current bias
voltage V p. However, since the FET 1 is maintained in
conductive state during a period where the output fun-
damental wave voltage vpis negative, the instantaneous
value of the drain voltage vp becomes the waveform as
illustrated by dotted line in FIG. 13B. In the range
(shown as a period T) where the phase @ of the funda-
mental wave is

w/3=6=2m/3,

vp 1s maintained substantially zero.

Namely, the absolute value of the sum of the all high
frequency instantaneous voltages generated at the load
is restricted to the direct current bias voltage Vp.

In the conventional F-class amplifier, it can be con-
sidered that the drain current is obtained in a waveform
of FIG. 13A irrespective of the drain voltage. How-
ever, in the microwave band FET as put into practical
use, the drain voltage versus drain current characteris-
tics, taking the gate voltage V gsas parameter, becomes
as illustrated in FI1G. 14, in which the drain current
depends on the drain voltage in a range where the drain
voltage 1s lower than or equal to a knee voltage, i.e.
saturation voltage Vg.

Accordingly, in the range where the drain voltage
vpis less than saturation voltage and close to zero volt,
the drain current waveform does not become half sine
waveform as illustrated in FIG. 13A, but becomes a
double hump waveform (a waveform having two peaks
(humps) such as the peak portion of the waveform illus-
trated i FIG. 13B) of waveform at the peak portion to
cause distortion of the drain current waveform.

Due to distortion of the drain current, the fundamen-
tal wave component in the drain current is reduced and
other high harmonic components may also be varied so
that an 1deal harmonic tuning amplifier can not be real-
1zed and thus the degradation of efficiency results.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a
high efficiency power amplifier which permits substan-
tially ideal harmonic tuning amplification by preventing
distortion of the drain current by avoiding the instanta-
neous drain voltage becoming substantially zero.

In the conventional circuit illustrated in FIG. 12, the
minimum value of the instantaneous drain voltage of
FET 1 becomes substantially zero, since the ON resis-
tance of FET 1 is substantially zero, to cause reduction
of the drain current or distortion of drain current wave-
form as described previously and also can be seen from
the characteristics illustrated in FIG. 14. The present
mvention prevents reduction of the drain current and
whereby avoid distortion of the waveform by prevent-
ing the value of the minimum drain voltage becoming
less than or equal to a saturation voltage Vs.

According to the present invention, a power ampli-
fier comprises:

an amplifying active element;

bias means for supplying a B-class operation bias for
the amplifying active element:
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load having a predetermined impedance for a funda-
mental wave of an amplified output of the amplifying
active element, a zero impedance for even high harmon-
ics and infinite impedance for odd high harmonics; and

restricting means connected in parallel to the load for
restricting the amplified output instantaneous voltage to
~ be higher than or equal to a saturation voltage of the
amplifying active element.

BRIEF DESCRIPTION OF THE DRAWING

The present invention will be understood more fully
from the detailed description given herebelow and from
the accompanying drawings of the preferred embodi-
ment of the present invention, which, however, should
not be taken to be limitative to the invention, but are for
explanation and understanding only.

In the drawings:

FIG. 1 1s a circuit diagram showing one embodiment
of a high efficiency power amplifier according to the
invention;

F1G. 2 1s a partial circuit diagram showing another
embodiment of a high efficiency power amplifier ac-
cording to the invention;

FIG. 3 is a partial circuit diagram showing a further
embodiment of a high efficiency power amplifier ac-
cording to the invention:

FIG. 4 is a partial circuit diagram showing a still
further embodiment of a high efficiency power ampli-
fier according to the invention;

FIG. 5 1s a partial circuit diagram showing a yet
further embodiment of a high efficiency power ampli-
fier according to the invention;

FIG. 6 1s a chart showing an example of characteris-
tics of Zener diode;

FIG. 7 is a partial circuit diagram showing a further
embodiment of a high efficiency power amplifier ac-
cording to the invention;

FIG. 8 is a partial circuit diagram showing a still
further embodiment of a high efficiency power ampli-
fier according to the invention;

FIG. 9 1s a partial circuit diagram showing a yet
further embodiment of a high efficiency power ampli-
fier according to the invention;

FIG. 10 1s a circuit diagram showing a further em-
bodiment of a high efficiency power amplifier accord-
ing to the invention;

FIG. 11 1s a circuit diagram showing a still further
embodiment of a high efficiency power amplifier ac-
cording to the invention;

S
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FIG. 1 is a circuit diagram of the first embodiment of
a high efficiency power amplifier according to the pres-
ent invention. In FIG. 1, the like components to FIG. 12
are represented by like reference numerals. Therefore,
the following discussion will be given mainly for the
portions different from the prior art shown in FIG. 12.

In the shown embodiment, a peak value restricting
circuit 11 is provided in parallel to load circuits 4 to 6 of
FET 1. The peak value restricting circuit 11 includes a
series circuit of a capacitor 7 and a diode 8. On the
cathode of the diode 8 (a common junction A with the
capacitor 7) a direct current bias (Vp—Vy) is applied
via a high freqency blocking inductor 9.

In the construction set forth above, when the maxi-
mum absolute value of the sum of all high frequency
instantaneous voltages generated at the load becomes
greater than (Vp— V), the diode 8 becomes conductive
at the negative side of the instantaneous value of the
summed high frequency voltage. Therefore, substan-
tially for the period T of FIG. 13B, the series circuit of
the diode 8 and the capacitor 7 has a low impedance of
substantially zero. As a result, the maximum absolute
value of the negative side of the summed high fre-
quency 1stantaneous voltage is restricted to (Vp—Vy)
as shown by the sohid line in FIG. 13.

It should be noted that, in the prior art, the maximum
absolute value 1s V p which causes lowering of the drain
current to result in distortion of the current waveform.
~ In the positive half cycle of the summed high fre-
quency instantaneous voltage, FET 1 and the diode 8

- are held OFF. However, by the operations of the reso-
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FIG. 12 1s a circuit diagram showing an example of 50

the conventional high efficiency power amplifier;

FIG. 13A 1s a waveform of drain current of a FET of
the high efficiency power amplifier:;

FIG. 13B is a chart showing drain voltage waveforms
of the conventional amplifier and the amplifier of the
present invention, for comparison; and

FIG. 14 is a chart showing characteristics of drain
voltage vs drain current.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention will be discussed hereinafter in
detail with reference to FIGS. 1 to 11. In the following
description, numerous specific details are set forth in
order to provide a through understanding of the present
invention. It will be obvious, however, to those skilled
in the art that the present invention may be practiced
without these specific details.
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nance circuits 4 to 6, a waveform symmetric to the one
in the negative half cycle with respect to the zero-cross-
Ing point can be obtained in the positive half cycle.
Therefore, the maximum value is also restricted to
(Vp—Vy).

In the circuit of FIG. 1, the amplifier element is FET
1. Here, 1t 1s assumed that the gate electrode of the FET
1 1s applied the bias voltage V gsby the bias circuit 10 so
that the drain current may flow only in half cycle of the
sine wave of the high frequency signal, as shown in
FIG. 13A. Also, the peak value of the drain current is
assumed as Furthermore, it is assumed that the fourth
order or higher harmonic components can be ignored
and that the internal resistance in the transistor is suffi-
ciently small.

By setting the load impedance in this case as:

Z1=4 (Vp—Vy)/(3% Ip)
22=0

Z3=

the waveform of the instantaneous drain voltage vp
becomes as ilustrated by the solid line in FIG. 13B.
Namely, since the instantaneous value of the drain volt-
age can not be smaller than Vs, the drain current wave-
form can be maintained as half sine wave shown in FIG.
13A. without distortion. Therefore, an F-class amplifier
with harmonic tuning which operates substantially as
designed, can be realized. |
In this case, the drain efficiency becomes:

Np=(1—Vs/Vp) w/(203)

FIG. 2 shows another embodiment of the peak value
restricting circuit 11, in which the polarity of the diode
8 1s reversed to that in the embodiment of FIG. 1.
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Namely, the anode is connected to the junction A and
the cathode is connected to a grounding line. The junc-
tion point A is supplied the bias of —(Vp—Vg) via a
choke coil 9.

In the shown embodiment, the diode turns on at the 5
positive side of the instantaneous value of the summed
high frequency voltage. Therefore, similarly to the
former embodiment, the drain voltage waveform with a
restricted peak value as illustrated by the solid line in
FIG. 13B can be obtatned.

FIG. 3 shows a further embodiment of the peak re-
stricting circuit 11. In the shown embodiment, the diode
8 1s disposed between the signal line and a junction point
A with the anode connected to the signal line and the
cathode connected to the junction point A. The capaci-
tor 7 1s disposed between the junction point A and the
grounding line.

With the shown construction, the bias (Vp—Vyg) is
directly applied to the cathode of the diode via the
junction A. In the shown comnstruction, the alternating
current blocking coke coil 9 presented in the embodi-
ments of FIGS. 1 and 2 is eliminated. This is because the
cathode is grounded by the effect of the capacitor 7 for
the alternating currents.

In this circuit, when the maximum absolute value of 23
the sum of all high frequency voltages generated at the
load becomes greater than (V p—Vy), the diode 8 turns
on to make the impedance of the series circuit of the
diode 8 and the capacitor 7 at low impedance of sub-
stantially zero. Therefore, the maximum value can be
restricted to (Vp—Vy).

FIG. 4 shows a still further embodiment of the peak
restricting circuit 11. In the shown embodiment, the
polarity of the diode 8 is reversed from that in the em-
bodiment of FIG. 3. Namely, the anode of the diode 8 is
connected to the junction point A and cathode is con-
nected to the signal line. The bias of —(Vp—Vyg) is
directly applied to the junction point A. In this case, the
diode 8 turns on at negative side of the instantaneous
value of the summed high frequency voltage.

FIG. 5 shows a yet further embodiment of the peak
restricting circuit 11. In the shown embodiment, the
capacitor 7 1s disposed between the signal line and the
junction point A, and a Zener diode 12 is provided
between the junction point A and the grounding line. 43
The Zener diode 12 is connected to the junction point A
at the cathode and to the grounding line at the anode.
To the junction point, a bias wvoltage of
Vo=V z—(Vp—Vy), where Vzis Zener voltage of the
Zener diode.

FIG. 6 shows a voltage-current characteristics of the
Zener diode 12. The relationship between the bias volt-
age Vo applied to the junction point A and the Zener
voltage 1s set as illustrated in FIG. 6. It should be appre-
ciated that selecting relationship of Vz, Vpand Vgto 32
satisfy the condition expressed
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Vaz2(Vp— V)

1s necessary to obtain a desired dynamic range of the 60
amplified output signal.

Even in the shown embodiment, similarly to the fore-
gomg embodiments of FIGS. 1 to 4, the peak value of
the output can be restricted to (Vp~Vy).

FIG. 7 shows a further embodiment of the peak re-
stricting circuit 11. In the shown embodiment, the po-
larity of the Zener diode 12 is reversed from the em-
bodiment illustrated in FIG. 5. In this case, the bias

65
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voltage to be applied to the series junction point A is set
at —Vo=—~{Vz—~(Vp—Vyg)}.

FIG. 8 shows a still further embodiment of the peak
value restricting circuit 11. In the shown embodiment,
the Zener diode 12 1s disposed between the signal line
and the junction point A, and the capacitor 7 is disposed
between the junction point A and the grounding line.
The cathode of the Zener diode 12 is connected to the
signal line and the anode is connected to the junction
point A. The direct current bias — Vg is directly applied
to the junction point A.

F1G. 9 shows a yet further embodiment of the peak
restricting circuit 11. In the shown embodiment, the
polarity of the Zener diode 12 disposed between the
signal line and the junction point A is reversed from that
of FIG. 8. In this case, the direct current bias voltage to
be applied to the junction point becomes V.

FI1G. 10 shows another embodiment of the high effi-
ctency amplifier circuit according to the present inven-
tion. In FIG. 10, like reference numerals to FIG. 1
represent like elements. In the shown embodiment,
MOSFET 1 1s employed as amplifying active element,
in place of FET in the former embodiments. Respective
embodiments of peak restricting circuits 11 of FIGS. 2,
3,4,5, 7, 8 and 9 are applicable.

F1G. 11 shows a further embodiment of the high
efficiency amplifier circuit according to the present
invention. In FI1G. 11, like reference numerals to FIGS.
1 and 11 represent like elements. In the shown embodi-
ment, a bipolar transistor 1 is employed as the amplify-
ing active element in place of the FET and MOSFET in
the former embodiments. Even in this case, the peak
restricting circuit 11 of FIGS. 2, 3,4, 5, 7, 8 and 9 are
applicable.

As set forth above, according to the present inven-
tion, since the circuit for controlling peak of the ampli-
fied output is provided in parallel to the load, the drain
voltage or collector voltage of the amplifying transistor
will never become zero. Therefore, the drain current or
collector current will never be lowered. Therefore,
distortion of the wave form can be successfully pre-
vented to permit ideal harmonic tuning amplification as
designed.

Although the invention has been illustrated and de-
scribed with respect to exemplary embodiments
thereof, it should be understood by those skilled in the
art that the foregoing and various other changes, omis-
sions and additions may be made therein and thereto,
without departing from the spirit and scope of the pres-
ent invention. Therefore, the present invention should
not be understood as limited to the specific embodi-
ments set out above but to include all possible embodi-
ments which can be embodied within a scope encom-
passed and equivalents thereof with respect to the fea-
ture set out in the appended claims.

What is claimed is:

1. A power amplifier comprising:

an amplifying active element:

bias means for supplying a B-class operation bias for

sald amplifying active element;

load having a predetermined impedance for a funda-

mental frequency wave of an amplified output of
said amplifying active element, a zero impedance
for even high harmonic waves and infinite impe-
dance for odd number degree high harmonic
waves; and

restricting means connected in parallel to said load

for restricting said amplified output instantaneous
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voltage to be higher than or equal to a saturation
voltage of said amplifying active element.

2. A power amplifier as set forth in claim 1, wherein
said restricting means comprises a variable impedance
circuit which becomes low impedance when said ampli-
fied output voltage is lower than or equal to the satura-
tion voltage of said amplifying active element.

3. A power amplifier as set forth in claim 2, wherein
said variable impedance circuit comprises a series con-
nection circuit of a capacitor and a diode disposed be-
tween an output line of said amplifying active element
and a grounding line and a bias supply means for sup-
plying a direct current bias to a junction point between
said capacitor and said diode.

4. A power amplifier as set forth in claim 3, wherein
said capacitor 1s disposed between said output line and
said junction point, said diode is connected to said junc-
tion point at a cathode thereof and to said grounding
line at an anode thereof, and said bias supplying means
comprises a choke coil supplying the direct current bias
to said junction point.

5. A power amplifier as set forth in claim 4, wherein
said direct current bias is a voltage (Vp—Vys) derived
by subtracting said saturation voltage Vs from an out-
put direct current bias Vp of said amplifying active
element.

6. A power amplifier as set forth in claim 3, said
capacitor is disposed between said output line and said
junction point, said diode is connected to said junction
point at an anode thereof and to said grounding line at
a cathode thereof, and said bias supplying means com-
prises a choke coil supplying the direct current bias to
said junction point.

1. A power amplifier as set forth in claim 6, wherein
said direct current bias is a voltage —(V p—Vy) having
an absolute value (V p— V) derived by subtracting said
saturation voltage Vgfrom an output direct current bias
V p of said amplifying active element.

8. A power amplifier as set forth in claim 3, wherein
said capacitor is disposed between said grounding line
and said junction point, said diode is connected to said
output line at an anode thereof and to said junction
point at a cathode thereof, and said bias supplying
means supplies a voltage (V p— V) derived by subtract-
ing said saturation voltage Vs from an output direct
current bias Vp of said amplifying active element.

9. A power amplifier as set forth in claim 3, wherein
sald capacitor is disposed between said grounding line
and said junction point, said diode is connected to said
output line at a cathode thereof and to said junction
point at an anode thereof, and said bias supplying means
supplies a voltage —(V p— Vs) having an absolute value
(Vp—Vgs) derived by subtracting said saturation volt-
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age Vg from an output direct current bias Vp of said
amplifying active element. | |

10. A power amplifier as set forth in claim 2, wherein
said variable impedance circuit comprises a series con-
nection circuit of a capacitor and a Zener diode dis-
posed between the output line of said amplifying active
element and a grounding line and a bias supply means
for supplying a direct current bias to a junction point
between said capacitor and said Zener diode.

11. A power amplifier as set forth in claim 10,
wherein said capacitor is disposed between said output
line and said junction point, said Zener diode is con-
nected to said junction point at a cathode thereof and to
sald grounding line at an anode thereof, and said bias
supplying means comprises a choke coil supplying the
direct current bias to said unction point.

12. A power amplifier as set forth in claim 11,
wherein said direct current bias a voltage expressed by
Vz—(Vp—Vyg) with taking a Zener voltage of said
Zener diode being V z, the output direct current bias of
said amplifying active element being V pand said satura-
tion voltage being V.

13. A power amplifier as set forth in claim 10, said
capacitor is disposed between said output line and said
junction point, said Zener diode is connected to said
junction point at an anode thereof and to said grounding
line at a cathode thereof, and said bias supplying means
comprises a choke coil supplying the direct current bias
to said junction point. |

14. A power amplifier as set forth in claim 13,
wherein said direct current bias a voltage expressed by
—{Vz—(Vp—Vs)} with taking a Zener voltage of said
Zener diode being V z, the output direct current bias of
said amplifying active element being V pand said satura-
tion voltage being V.

15. A power amplifier as set forth in claim 10,
wherein said capacitor is disposed between said ground-
ing line and said junction point, said Zener diode is
connected to said output line at an anode thereof and to
said junction point at a cathode thereof, and said bias
supplying means supplies a voltage expressed by
Vz—(Vp—Vgs) with taking a Zener voltage of said
Zener diode being Vz, the output direct current bias of
said amplifying active element being V pand said satura-
tion voltage being V. |

16. A power amplifier as set forth in claim 10,
wherein said capacitor is disposed between said ground-
ing hine and said junction point, said Zener diode is
connected to said output line at a cathode thereof and to
sald junction point at an anode thereof, and said bias
supplying means supplies a voltage expressed by
—{Vz—(Vp—Vgs)} with taking a Zener voltage of said
Zener diode being Vz, the output direct current bias of
said amplifying active element being V pand said satura-

tion voltage being V.
* % X ¥ ¥
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